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The crystal structure of the flavin containing enzyme
dihydroorotate dehydrogenase A from Lactococcus lactis
Paul Rowland1, Finn S Nielsen2, Kaj Frank Jensen2 and Sine Larsen1*
Background: Dihydroorotate dehydrogenase (DHOD) is a flavin mononu-
cleotide containing enzyme, which catalyzes the oxidation of (S)-dihydroorotate
to orotate, the fourth step in the de novo biosynthesis of pyrimidine nucleotides.
Lactococcus lactis contains two genes encoding different functional DHODs
whose sequences are only 30% identical. One of these enzymes, DHODA, is a
highly efficient dimer, while the other, DHODB, shows optimal activity only in the
presence of an iron-sulphur cluster containing protein with which it forms a
complex tetramer. Sequence alignments have identified three different families
among the DHODs: the two L. lactis enzymes belong to two of the families,
whereas the enzyme from E. coli is a representative of the third. As no three-
dimensional structures of DHODs are currently available, we set out to determine
the crystal structure of DHODA from L. lactis. The differences between the two
L. lactis enzymes make them particularly interesting for studying flavoprotein
redox reactions and for identifying the differences between the enzyme families.
Results: The crystal structure of DHODA has been determined to 2.0 Å
resolution. The enzyme is a dimer of two crystallographically independent
molecules related by a non-crystallographic twofold axis. The protein folds into
an a/b barrel with the flavin molecule sitting between the top of the barrel and a
subdomain formed by several barrel inserts. Above the flavin isoalloxazine ring
there is a small water filled cavity, completely buried beneath the protein surface
and surrounded by many conserved residues. This cavity is proposed as the
substrate-binding site.
Conclusions: The crystal structure has allowed the function of many of the
conserved residues in DHODs to be identified: many of these are associated
with binding the flavin group. Important differences were identified in some of the
active-site residues which vary across the distinct DHOD families, implying
significant mechanistic differences. The substrate cavity, although buried, is
located beneath a highly conserved loop which is much less ordered than the
rest of the protein and may be important in giving access to the cavity. The
location of the conserved residues surrounding this cavity suggests the potential
orientation of the substrate.
Introduction
Dihydroorotate dehydrogenase (DHOD; EC 1.3.3.1) is 
a flavin mononucleotide (FMN) containing oxidoreduc-
tase. It catalyzes the conversion of (S)-dihydroorotate to
orotate, the fourth step and only redox reaction in the de
novo biosynthesis of pyrimidine nucleotides. Oxidation of
the enzyme substrate is accompanied by the correspond-
ing reduction of the flavin group (Fig. 1). The reduced
flavin can subsequently become reoxidized by various
electron acceptors including dichlorophenolindophenol,
potassium hexacyanoferrate (III) and molecular oxygen
depending upon the enzyme source.
Genes encoding the enzyme have now been cloned and
sequenced from a wide variety of species, revealing a
diverse group of proteins. DHOD from Escherichia coli,
which is known to be membrane bound [1], shows high
sequence similarity to all DHODs of mitochondrial origin
(greater than 40% identity), but very little similarity (less
than 20% identity) with the corresponding enzymes from
Gram-positive bacteria, such as the milk fermenting bac-
terium Lactococcus lactis [2] or the cytosolic enzyme from
Saccharomyces cerevisiae [3].
It has recently been discovered that L. lactis contains 
two genes (pyrDa and pyrDb) encoding functional DHODs
[2]. Both of these enzymes appear to be biosynthetic 
in nature, as either one of the corresponding genes is able
to complement a lack of DHOD activity in a pyrD defi-
cient strain of E. coli. Furthermore, both genes must be
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inactivated in L. lactis to impose a pyrimidine requirement
on the organism [4]. As illustrated in Figure 2, the two
enzymes show only 30% sequence identity though both
proteins are polypeptides consisting of 311 amino acids.
One of the enzymes, DHODA, is expected to be very
similar to the enzyme from S. cerevisiae, the enzymes
having a sequence identity of 71%. However, the other
enzyme, DHODB, has only a 27% sequence identity with
the S. cerevisiae enzyme and more closely resembles the
enzymes from Bacillus subtilis (where the sequence identity
is 66%) and several other Gram positive bacteria [5]. The
currently known DHOD sequences can thus be divided
into three families which can be represented by the two
L. lactis enzymes and by the E. coli enzyme (Fig. 2). The
known sequences of the mammalian DHODs are found in
the latter family.
The two L. lactis DHOD enzymes both form dimers 
containing one molecule of FMN per subunit (~34 kDa),
however, the DHODB enzyme is unstable and relatively
inefficient when compared to DHODA [6]. Recently it
has been found that the activity of the DHODB enzyme,
both in vivo and in vitro, is dependent on the presence of
an additional 262 residue protein encoded by a neigh-
bouring open reading frame (pyrK) which is co-tran-
scribed with pyrDb [4]. This protein contains a [2Fe–2S]
iron-sulphur cluster and forms a complex tetramer with
DHODB, consisting of two molecules of each protein. It
has been proposed that this complex of two different pro-
teins is the prototype of the DHODs for Gram-positive
bacteria [6]. Both DHODA and DHODB and the pyrK
encoded protein also have high sequence similarities
(greater than 30 % identity) with the much bigger (greater
than 1000 residues) dihydropyrimidine dehydrogenases
found in many organisms. These enzymes can reduce all
natural pyrimidine bases, and contain both flavin and
iron-sulphur clusters on a single protein chain [7].
At present there is great interest in investigating
inhibitors of DHOD as potential therapeutic agents for
treating diseases involving aberrant cell proliferation [8].
The enzyme has recently been implicated as a possible
target of the novel immunosuppressive agent leflunomide
[9,10]. This compound has shown promise in human clini-
cal trials for rheumatoid arthritis, and in blocking rejection
after allograft and xenograft transplantation in animals.
The active agent of leflunomide has been shown to be a
potent inhibitor of human DHOD. Brequinar sodium is
another immunosuppressive agent [9] and is known to
work by inhibiting mitochondrial DHOD, and conse-
quently the production of UMP in de novo pyrimidine
biosynthesis. The associated depletion of pyrimidine in
the cells is then thought to result in the antiproliferative
effects displayed.
240 Structure 1997, Vol 5 No 2
Figure 1
The reaction catalyzed by DHOD. The
oxidation of the enzyme substrate
(S)-dihydroorotate is accompanied by the
reduction of the flavin prosthetic group. The
flavin carbon atoms are labelled.HN
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We are currently investigating the functional and struc-
tural properties of the three different families of DHODs
using both biochemical and X-ray crystallographic
methods. Here we present the first three-dimensional
structure of a DHOD, the A form of the enzyme from
L. lactis, which has been solved in its native form and
refined to 2.0Å resolution.
Results and discussion
The structure of the DHOD monomer
The L. lactis DHODA structure consists of a dimer of
two identical subunits. The DHODA monomer is shown
in Figure 3 and the assigned secondary structure is indi-
cated in Figure 2. Like many other flavin containing pro-
teins, the monomer has an a/b-barrel fold, consisting
predominantly of a central core of eight parallel b strands
(b1–b8)  surrounded by a ring of eight a helices (a1–a8).
Additional secondary structural elements (designated
with letters) and loops are present as insertions towards
the top of the barrel. The flavin molecule is located
between the top of the barrel and the subdomain formed
by these insertions. The barrel base is made up of two
short antiparallel b strands (bA and bB) towards the
N-terminal part of the protein. The N terminus itself is
well ordered from the first residue in the sequence,
packing against residues of helices a8 and aC. The
mainchain hydrogen-bonding pattern of the central core
is disturbed by the partial opening up of the barrel on
either side of the second b strand (b2). The distance
between b2 and its neighbours is much larger than the
distance between the other strands, and its mainchain
atoms make only one hydrogen bond with b1 and two
hydrogen bonds with b3 that are shorter than 4 Å.
Between b2 and a2 there is a long insert consisting of
Research Article  Dihydroorotate dehydrogenase A Rowland et al. 241
Figure 2
Sequence alignment showing representatives
of the three main DHOD families. The figure is
based on a multiple alignment of the 17
currently known sequences. Pairwise
alignments were used to determine a similarity
tree relating the different sequences, which
was then used to construct a multiple
alignment using the program AMPS [34].
Sequence conservation between the families
was investigated with AMAS [35]. All residues
coloured red are conserved within a family
and if the same residue is conserved in more
than one family it is coloured yellow. Boxed
uncoloured residues are conserved in the
representative alignment but not across the
whole family. The secondary structure
elements of the L. lactis DHODA structure are
indicated on the alignment; b strands are
shown as arrows and a helices as cylinders.
These were determined with the help of
DSSP [36], although strand b2 technically
has undefined secondary structure. Residue
numbers on the alignment refer to the L. lactis
DHODA sequence. The sequences
represented by the alignment consist of the
following: (1) L. lactis A and S. cerevisiae; (2)
L. lactis B, Enterococcus faecalis, B. subtilis
and B. caldolyticus; and (3) E. coli,
Mycobacterium leprae, Plasmodium
falciparum, Schizosaccharomyces pombe,
Arabidopsis thaliana, Drosophila
melanogaster, rat, human, Agrocybe aegerita,
Haemophilus influenzae and Salmonella
typhimurium. (Figure produced using the
program ALSCRIPT [37].)
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two highly conserved antiparallel loops which lead to
strands bC and bD. Both loops and strands are approxi-
mately equidistant from each other for the length of the
entire insert except at the point immediately leading
into bC, where a short three-residue stretch (Pro54-
Leu55-Pro56) bulges sharply out from the b2–bC loop.
The peptide bond between the leucine and the con-
served Pro56 is cis, and the following conserved residue
(Arg57) is found along the line the mainchain would
have taken if these three residues were absent. Follow-
ing strand b4 there is another insert making up a highly
conserved turn which leads into the short 310 helix (aA)
and then back into the barrel at a4. At the end of the
sixth barrel strand there is a second cis peptide bond
between Ser191 and Val192, neither of which are con-
served. The third major insert into the barrel structure
forms the four strands bE, bF, bG and bH; strands bH
and bE lie alongside bC and bD making a four-stranded
antiparallel b sheet. The two remaining strands bF and
bG occupy the end of this insert. There is a sharp twist
resembling a three-residue 310 helix leading into the
extremely glycine rich bH strand which rejoins the barrel
at a6. After the last barrel strand there is an extra helix
(aB) linked directly to a8 by a proline turn (Pro279).
Helix a8 is the longest helix in the structure and one of
the most variable regions amongst the sequences which
are currently known. The last part of the monomer con-
sists of the five residue 310 helix (aC) and a long C-ter-
minal tail. The C-terminal tail is very well defined even
though it makes no contacts with its own subunit; it 
is held by interactions with residues from the other
subunit within the dimer.
The orientation of the DHOD monomer as shown in
Figure 3 can be used to illustrate its approximate dimen-
sions. The diameter of the a/b barrel as measured
between the Ca atoms of the last residues of helices a2
(Glu89) and a6 (Thr237) is 39Å, and the distance between
the Ca atoms of the N-terminal residue (Met1) and the
first residue of bG (Ser207) is 49Å.
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Figure 3
The monomer structure of DHODA from
L. lactis. (a) Stereo diagram of the Ca trace of
DHODA with some atoms labelled.
(b) Secondary structure elements of the
protein fold showing the location of the flavin
group. Both representations are colour
ramped from the N terminus (red) to the
C terminus (magenta), and are shown in the
same orientation. (Figure produced using the
programs BOBSCRIPT [R Esnouf,
unpublished program] modified from
MOLSCRIPT [38], and RASTER3D [39].)
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Within the monomer as a whole there are eight salt
bridges where oppositely charged residues are within 4 Å
of each other. Five of these are formed across different
secondary structure elements and may play a role in stabi-
lization of the structure: His22–Glu31 (2.8Å, b1–a1
loop/a1); Asp175–Arg238 (2.7Å, a5/a6–b7 loop); Lys225–
Asp256 (2.8Å, a6/a7); Lys225–Glu259 (2.8Å, a6/a7); 
and Glu277–Arg284 (2.9Å, aB/a8). The remaining three
bridges occur on neighbouring turns within a helices:
Glu30–Lys33 (3.5Å, a1); Asp283–Lys287 (3.8Å, a8); and
Arg284–Glu288 (2.8Å, a8). None of these salt bridges
comprise residues that are conserved in all DHODs,
although both residues in the Lys225–Glu259 bridge are
conserved in the two L. lactis DHOD protein families. Of
the 25 completely conserved residues in the monomer the
majority are clustered around the flavin group, either situ-
ated in loops or towards the C-terminal ends of the barrel
strands. The relatively low sequence conservation in the
a/b barrel secondary structure elements implies that the
conserved residues are not generally associated with stabi-
lizing the protein fold, but are more concerned with
protein function.
The structure of the DHOD dimer
The dimer of DHODA is shown in Figure 4. It contains
two copies of the DHOD monomer, related by a non-crys-
tallographic twofold axis parallel to the crystallographic
a* axis, the intersubunit rotation angle being 180° within
the estimated standard deviation. There are essentially no
significant differences between the two subunits, and they
can be overlaid using the non-crystallographic symmetry
axis to give a root mean square (rms) deviation in Ca
positions of only 0.10Å. The largest dimension of the
dimer is 85Å, as measured between the Ca atoms of the
two Glu89 residues, and the distance between the two
C-terminal Ca atoms is 48 Å. The dimer has a volume of
about 55300Å3 and an accessible surface area of 23100Å2,
as determined using the program GRASP [11]. The acces-
sible surface area of the monomer is 13800Å2, indicating 
a buried surface area between monomers of 2 200Å2 (16%
of the surface area of the monomer).
At the dimer interface there are 28 residues from each
subunit within 3.6 Å of residues of the other monomer,
none of which are completely conserved. Of these, 14 lie
between the start of strand bE and the start of strand bH
(residues 195–199, 201, 203–208, 214 and 216). These
residues make contact with residues of the other subunit:
169 (b5–a5 loop), 226 and 230 (a6), 263 (a7), 296 (a8), 298
(a8–aC loop), and 309–311 (C terminus). In addition,
helix a5 (residues 170 and 172) makes contact with
residues of the other subunit: 137 (b4–aA loop) and 138
(aA). The only other residue involved in intersubunit
contact is residue 223 (a6) which makes a contact with
residue 226 of the other subunit. Only two residues are
within 3.6Å of their own counterparts in the opposite
subunit (Phe169 and Tyr223); in the case of Phe169, the
two phenyl rings stack against each other. The two C-ter-
minal tails run parallel with the bG strands making main-
chain hydrogen bonds, and result in a short third b strand
alongside bF and bG in both subunits. There are also 
two intersubunit Glu206–Lys296 salt bridges (2.8Å),
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Figure 4
The DHODA dimer structure viewed from
above the twofold axis. The orientation of
subunit A is the same as that of Figure 3.
Secondary structure elements are coloured
according to B factor: residues with B factors
below 20 Å2 are dark blue and residues with
B factors above 40 Å2 are bright red. The
three cavities inside the dimer are shown as
probe occupied volumes, as calculated by the
program VOIDOO [40] using a probe radius
of 1.2 Å. The two cavities above the flavin
molecules are coloured magenta, while the
intersubunit void is shown in orange. The two
water molecules inside the central void are
shown as green spheres. The intersubunit
Glu206–Lys296 salt bridges are shown in
ball-and-stick representation. (Figure
produced using the programs BOBSCRIPT
and RASTER3D.)
which are conserved in the DHODA sequence family.
Thus overall, the dimer contacts are a mixture of both
hydrophilic and hydrophobic interactions.
A rather large cavity is found at the centre of the dimer
having a volume of approximately 109 Å3. This cavity is
empty except for two very well ordered water molecules:
Wat1026 (subunit A, B factor=21.4Å2) and Wat1015
(subunit B, B factor=25.8Å2). These are involved in well
defined hydrogen-bond interactions with the mainchain
atoms Tyr223 O and Thr227 N and the sidechain atom
Thr227 Og1, from both subunits. The remainder of the
cavity is lined by atoms from the hydrophobic sidechains
of Ile195, Ile219, Tyr223, Ile224, Lys225, Pro226 and
Thr227 from both subunits. Though none of these
residues are completely conserved, we note that the three
isoleucine residues in DHODA always correspond either
to isoleucine, leucine or valine in the other sequences.
There are two other cavities in the DHODA dimer which
are also shown in Figure 4. These cavities are situated
above the flavin isoalloxazine rings in both subunits and
correspond to the expected substrate-binding sites, as
described later. As can be seen from Figure 4, the two
flavin-binding sites are well separated preventing any
interaction between the two active sites in the dimer.
Thus although dimer formation does not appear to be
important for catalytic activity, it is certainly important for
enzyme stability as seen by the presence of the hydropho-
bic cavity in the centre of the dimer.
The final model of the dimer contains 353 water mol-
ecules. Of these water molecules there are 131 in each
subunit which have a corresponding water within 1Å of
the equivalent position in the other subunit. The rms 
distance between corresponding waters is 0.36Å as 
determined with LSQMAN (G Kleywegt, unpublished
program) showing that 74% of the waters are found at
equivalent sites within the two subunits. The rms differ-
ence in B factors between equivalent waters is 6.0Å2.
Structural similarities with other proteins
The DHODA structure closely resembles other FMN
binding flavoproteins, which is not surprising as most of
those structures solved are also a/b barrels. However, as
with many a/b-barrel structures, there is only a very low
sequence similarity between DHODA and other proteins
that adopt this fold. However, one region that is often at
least partially conserved is the phosphate-binding site,
located between b7 and a8, where the flavin phosphate
group is bound. The presence of the phosphate-binding
site motif in some DHOD sequences, together with sec-
ondary structure predictions revealing some alternating
sheet and helical regions, has previously been used to
propose an a/b-barrel fold for DHOD [12]. However,
knowledge of the DHODA structure now allows a more
direct comparison between the DHODs and other
enzyme families.
A search for structurally similar proteins was carried out
using the program DALI [13]. The highest structural 
similarity was found between DHODA and the FMN-
binding domain of flavocytochrome b2 (FCB) [14], where
superposition of 234 Ca atoms from the two proteins gave
an rms deviation of 3.0Å, with a corresponding sequence
identity between equivalenced residues of 13 %. FCB is a
two-domain protein which binds both an FMN molecule
and a haem group, and catalyzes the oxidation of L-lactate
to pyruvate with the subsequent transfer of electrons 
to cytochrome c. A high structural similarity was also 
found between DHODA and the FMN-binding domain
of trimethylamine dehydrogenase (TMD) [15], where 233
Ca atoms could be superimposed to give an rms devia-
tion of 3.2Å (sequence identity between equivalenced
residues 7%). TMD is much larger than DHODA, having
three domains, and in addition to FMN it also contains 
a [4Fe–4S] iron-sulphur cluster. This enzyme catalyzes
the oxidation of trimethylamine to dimethylamine and
formaldehyde. DHODA is also rather similar in structure
to old yellow enzyme (OYE) [16], where 217 Ca atoms
could be superimposed to give an rms deviation of 3.0Å
and a corresponding sequence identity of 14%. The exact
biological function of OYE is still unknown. The a/b
barrels of FCB and TMD bear a very close resemblance to
the DHODA barrel, with helices and strands matching
very closely. At the barrel base especially, the loops
between strands and helices are very similar in length and
conformation. However at the top of the barrel, where the
active-site loops of DHODA are located, there is very
little similarity in the structures, this area being the inter-
face between the different domains in FCB and TMD.
The overall structure of the OYE barrel is again similar 
to that found in DHODA except that the length of the
individual secondary structure elements varies markedly:
in OYE many of the helices are longer than those in
DHODA and others are much shorter. Although OYE
contains a loop region at the top of the barrel, there is no
resemblance between this region and the loop region
found in DHODA. Thus, although there are structural
similarities between these a/b barrels and the DHODA
a/b barrel, there appears to be no correlation between the
sequence identity of aligned residues and the correspond-
ing structural similarity. Despite OYE exhibiting the
greatest sequence identity between aligned residues with
DHODA, the structure of this enzyme corresponds less
well to DHODA than either FCB or TMD. 
Among the 25 completely conserved residues in the
DHOD sequences, there are seven which are also found 
in some of the three enzymes FCB, TMD and OYE. FCB
from S. cerevisiae [14] has five residues in structurally
equivalent positions conserved in DHOD (corresponding
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to Pro14, Gly249, Gly250, Gly264 and Ala265 in DHODA),
TMD from methylotrophic bacterium [15] has two (corre-
sponding to Gly249 and Ala265 in DHODA), and OYE
from Saccharomyces carlsbergensis [16] has three (correspond-
ing to Gly75, Ile246 and Gly249 in DHODA). Of these
residues, Ile246, Gly249, Gly250, Gly264 and Ala265 are
all located in the phosphate-binding site region. The exact
similarity in conformation and role of these residues clearly
suggests that these proteins are at least distantly related to
DHOD and supports the suggestion that enzymes with an
a/b-barrel fold, having the conserved phosphate-binding
site motif, have evolved by divergent evolution [12].
The flavin-binding site
The flavin molecule is very well buried within the protein,
the only parts visible from the surface being a small region
of the dimethylbenzene side of the isoalloxazine ring and
the tip of the phosphate group. Figure 5 shows the flavin
environment in subunit A with all its interactions to the
protein atoms. The flavin-binding site is on top of the
a/b barrel above the C-terminal ends of the barrel strands,
with the re-face of the isoalloxazine ring resting on the top
of the barrel. Consequently, most of the flavin interactions
are made either with C-terminal residues of the b strands
or with residues just beyond the C-terminal ends of the
strands. Hydrogen bonds are formed between the FMN
isoalloxazine ring and the residues Lys43 and Ser44 (end
of b2), Asn127 (end of b4), Lys164 (end of b5) and with a
water molecule. The dimethylbenzene hydrophobic part
of the isoalloxazine ring system does not have any close
contacts. The two methyl groups are loosely surrounded
by carbon atoms from Val21 (b1–a1 loop), Tyr58 (start of
bC), Asn 67 and Met69 (end of bD). Apart from the amide
group of Asn67, which is 3.5Å away, the distances to the
surrounding mainly hydrophobic neighbours are all larger
than 3.6Å. The isoalloxazine ring is almost flat, the re-face
being very slightly concave, as expected for an oxidized
FMN molecule. The ribityl hydroxyl groups make hydro-
gen bonds to the carboxyl group of Ser19 (end of b1), the
Lys164 ammonium group, the carboxyl group of Val192
(end of b6) and a water molecule. The cis peptide bond
between Ser191 and Val192 facilitates the hydrogen bond
to the second hydroxyl group O3′. As mentioned earlier,
neither of the residues involved in this bond are con-
served, however, as the interaction with the flavin involves
a mainchain carboxyl group it may be that the nature 
of the sidechain of this residue is not that important. 
The protein interactions with the flavin phosphate 
group are dominated by mainchain nitrogen atoms, espe-
cially glycine nitrogen atoms. There are hydrogen bonds
between the phosphate oxygen atoms and the mainchain
NH groups of Gly221 (start of a6), Gly250 (end of b7),
Gly271 and Thr272 (start of aB); the hydroxyl group of
Thr272 also acts as a donor to the same oxygen atom that
accepts a proton from its amide group. All the phosphate
hydrogen bonds are short, being less than 3.0Å.
There are only four residues interacting with the flavin
group that are conserved in all three families of DHODs,
identified from the known sequences (Fig. 2): Asn67 and
Asn127 (in contact with the isoalloxazine ring system) and
Gly221 and Gly250 (in the phosphate-binding region).
The remainder of the above mentioned residues directly
surrounding the flavin group are conserved either among
one or two of the three families: DHODA family only
(Val21, Ser44, Tyr58, Met69 and Ser191); DHODA and
DHODB families (Ser19, Lys43, Gly271 and Thr 272);
and DHODA and E. coli families (Lys164).
The two nitrogen atoms in the isoalloxazine ring which
change oxidation state during the reaction, N1 and N5
(Fig. 1), are hydrogen bonded to two lysine residues,
Lys164 and Lys43, respectively. This suggests that these
residues play an important role in the reaction mechanism,
and consequently the hydrogen-bonding patterns of these
residues deserve special attention. In the case of Lys164,
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Figure 5
Protein interactions with the flavin group. All residues making
interactions with atoms of the flavin group within 3.6 Å are shown.
Bonds drawn in light blue illustrate the continuation of the mainchain
protein atoms on either side of all the residues shown; atoms are
shown in standard colours. Hydrogen bonds between the protein and
flavin are shown as dotted lines together with the interatomic distances
in Å. Water molecules making hydrogen bonds with the flavin atoms
are shown as green spheres: A (Wat1006, bound by Gly249 N, Ile251
N, Gln269 O); B (Wat1012, bound by Ile251 O, Ala273 N,
Wat1091); C (Wat1022, bound by Ser194 Og, Wat1004); and D
(Wat1008, bound by Ser99 Og, Glu125 Oε2). In the case of residues
Lys164 and Lys43, three water molecules making hydrogen bonds
with the lysine Nz atoms are also shown: E (Wat1005, bound by
Ser19 N, Glu125 Oε2, Gln269 Oε1); F (Wat1069, bound by Gly20
O); and G (Wat1246, bound by Leu71 N). All water molecules A–G
are very well ordered, the mean B factor being 18.1 Å2; water E has a
B factor of only 12.1 Å2. The cis peptide between Ser191 and Val192
is also shown. The dotted green line between two of the flavin oxygen
atoms represents the extremely short intramolecular hydrogen bond of
only 2.4 Å. (Figure produced using the programs BOBSCRIPT and
RASTER3D.)
this residue acts as a donor in two bifurcated hydrogen
bonds, one to ribityl oxygens O2′ and O3′ and the other to
isoalloxazine ring atoms N1 and O2, and also makes a
normal linear hydrogen bond to Wat1005 (water E in
Fig. 5). Although Lys164 is not completely conserved (in
Bacillus caldolyticus it is apparently replaced by an
asparagine), the presence of a positively charged residue
so close to the flavin N1 atom makes it likely that this
nitrogen atom is unprotonated in the fully reduced flavin
group. As a consequence the flavin group will be in the
anionic hydroquinone form, as found in FCB [17]. In a
similar manner to Lys164, Lys43 is involved in a bifur-
cated hydrogen bond (with isoalloxazine ring atoms O4
and N5) and makes two linear hydrogen bonds to two
water molecules. This residue is only conserved among
the L. lactis DHOD families. The equivalent residue in
the E. coli enzyme family is a conserved glycine which
would lead to a significant difference in the environment
around flavin atom N5. This observation suggests signifi-
cant differences in the catalytic mechanism of the two
L. lactis enzymes and the E. coli enzyme.
With this difference in mind it is interesting to compare
the flavin environment in DHODA with those in the
flavin enzymes that exert a similar catalytic function and
showed resemblance with DHODA with respect to the
folding of their a/b barrels. The FMN moiety adopts a
conformation in DHODA that closely matches the confor-
mations seen in FCB, TMD, OYE and also glycolate
oxidase (GOX) [18]. Considering first the phosphate
group, which is distant from the redox centre at the isoal-
loxazine ring system, we note that it is surrounded by
residues with neutral sidechains in DHODA. This is in
stark contrast to its environment in FCB, GOX, TMD 
and OYE, where the phosphate group is hydrogen bonded
to a positively charged arginine sidechain. However, the
short intramolecular hydrogen bond, between phosphate
oxygen OF2 and ribityl hydroxyl oxygen O4′ in DHODA,
that could assist in the stabilization of the phosphate nega-
tive charge is also observed in these related structures.
More interesting are the similarities and differences in the
protein interactions with the isoalloxazine ring system.
Positively charged residues corresponding to Lys164 are
found in all these related structures. In the case of FCB
and GOX there is a lysine residue, and in TMD and OYE
there is an arginine. In all these enzymes, the proximity of
the lysine or arginine sidechain stabilizes a negatively
charged N1 in the reduced flavin. The other nitrogen
atom that changes its oxidation state during the enzyme
catalyzed reaction is N5. The interaction seen between
this atom and the positively charged Lys43 in DHODA is
not found in any of the currently known FMN-binding
protein structures determined to date. The hydrogen-
bonding patterns of flavin atom N5 are much more 
variable amongst the other flavoproteins: N5 makes a
hydrogen bond with a neutral mainchain NH group in
TMD and OYE, a hydrogen bond with a water molecule
in GOX, and a combination of these in FCB.
The substrate-binding site
From the structural studies of other FMN-binding
enzymes the active site in a flavoprotein is known to be
found close to the flavin isoalloxazine ring system. As
mentioned previously, a rather large cavity containing
three water molecules is located above both flavin ring
systems in the DHODA structure. Both cavities are rela-
tively large (102Å3 in both subunits) and are completely
isolated from the dimer surface. The cavities lie beneath
the b4–aA loops which are much more flexible than the
majority of the rest of the protein atoms, as indicated by
their thermal parameters (Fig. 4). It seems likely that
access to or from these cavities would require some signifi-
cant movement in the b4–aA surface loops. The cavity
can be described as a flat circular disc centred above the
connection between the first and second rings of the isoal-
loxazine system. The subunit A cavity and the residues
surrounding it are shown in Figure 6. The surrounding
residues come from strand b2 (Lys43), from strand bD and
beyond (Asn67, Ser68, Met69, Gly70, Leu71 and Pro72),
from strand b4 leading into the b4–aA loop (Asn127,
Ser129, Cys130, Pro131, Asn132 and Val133), from the
b6–bE loop (Asn193 and Ser194), and from strand bH
(Gly218). Of these residues, all four asparagines, the two
glycines, Ser129 and Pro131 are conserved in all known
DHODs. Although Met69 is not conserved, it is virtually
always a hydrophobic residue (methionine or isoleucine in
the two L. lactis families, and generally tyrosine, methion-
ine or cysteine in the E. coli family) as would be consistent
with maintaining the hydrophobic environment of the
dimethylbenzene part of the flavin group. The adjacent
residue, Ser68, pointing in the opposite direction to
Met69, is therefore unlikely to be concerned with the
dimethylbenzene ring environment and perhaps for this
reason is more variable (Fig. 2). The two hydropho-
bic residues, Leu71 and Val133, are always a leucine or
phenylalanine in the case of the former, and either a valine
or a threonine in the latter. Pro72 is also found in the
neighbourhood, but although conserved within individual
members of the three DHOD families, it is perhaps too far
from the cavity to be of any significance to substrate
binding. Ser194 is not conserved but is, nevertheless,
either a serine or a threonine and is therefore likely to be
involved in substrate binding.
The three water molecules within the cavity are found 
in identical positions in both subunits. Upon substrate
binding they must leave the cavity. Nevertheless, their
positions may indicate where the atoms of the substrate
capable of forming hydrogen bonds could be found.
Wat1047 (water H in Fig. 6) is bound by three well posi-
tioned protein residues and, in the fourth hydrogen-bond
position, by a weaker hydrogen bond to Wat1108 (water I
246 Structure 1997, Vol 5 No 2
in Fig. 6). Wat1108 only makes one short hydrogen bond
to the protein (to Asn193). These two water molecules are
hydrogen bonded to three of the conserved asparagine
residues and a serine, and take up the bulk of the space in
the lower part of the cavity as viewed in Figure 6.
However, an interesting feature concerning the lower part
of the cavity was also observed for the partially conserved
residue Cys130. Following the completion of refinement,
the final 2Fo–Fc electron-density map and the final Fo–Fc
map still showed residual density beyond the cysteine 
SH group in both subunits, as evidenced in the origi-
nal solvent flattened multiple isomorphous replacement
(MIR) map. This electron density leads into the cavity
next to the water molecule Wat1108. The residual density
indicates that a partial oxidation of the sulphydryl group
may have occurred during the crystallization period, indi-
cating a high reactivity of this residue as the other cys-
teines in the structure do not show these features. An
oxidized cysteine at this position would be able to make a
hydrogen bond to the conserved Asn127, indicating that
this latter residue could play a role in substrate binding.
The final water molecule bound in the cavity, Wat1246
(water G in Figs 5,6), is linked by two short hydrogen bonds
to Lys43 Nz and Leu71 N. Replacing this water molecule
with the substrate must cause changes in the hydrogen-
bonding pattern of Lys43. These changes could facilitate
the subsequent reduction of the flavin group where N5
becomes protonated. As the substrate (S)-dihydroorotate is
negatively charged the presence of any positively charged
sidechains would be a good guide to predict the orientation
of the substrate in the active site. Lys43 is the only posi-
tively charged residue close to the cavity, therefore it is
likely to be responsible for the initial substrate interaction
in DHODA. The location of water G, towards the top of
the cavity as viewed in Figure 6, is significant in that the
cavity bulges out away from the flavin ring system at this
position (this is most easily seen in Figure 4 for the subunit
B cavity). This observation suggests a possible location for
the chiral centre of the substrate molecule, whereby the
carboxylate group could point away from the isoalloxazine
ring system filling the cavity at this point. Furthermore, if
the chiral centre of the substrate occupied this position with
the carboxylate group pointing away from the isoalloxazine
ring system, then the methylene group which constitutes
the only hydrophobic position in the substrate would be
oriented towards the two hydrophobic sidechains of Leu71
and Val133, and the substrate hydrophilic groups would be
positioned in the space occupied by the water molecules.
A structural alignment of the DHODA active site with the
active sites of the two flavoproteins FCB and GOX, which
have a similar catalytic function to DHOD, allows a direct
comparison between the structures. The substrates for
FCB and GOX (lactate and glycolate, respectively) are
both a-hydroxy acids and are significantly smaller than
(S)-dihydroorotate, the only known substrate for DHOD.
(S)-dihydroorotate contains only one functional group and
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Figure 6
(a) (b)
The substrate-binding site. (a) The area around the subunit A substrate
cavity. The cavity, shown as a probe accessible surface, is the same as
that shown in Figure 4. The three water molecules inside the cavity
(green spheres) are shown together with their hydrogen-bond
interactions (dashed lines) and hydrogen-bond distances in Å. All
residues with atoms bordering the cavity are shown coloured
according to B factor, as in Figure 4, except for residues making direct
hydrogen bonds with the cavity water molecules which are shown in
standard atom colours. Of the three water molecules, water G
(Wat1246, B factor = 26.1 Å2) and water H (Wat1047, B
factor = 30.0 Å2) are the best defined. Water I (Wat1108,
B factor = 51.6 Å2) is less well defined but still clearly visible in the final
2Fo–Fc electron-density map. (b) Stereo diagram of the same region of
the structure. For clarity, the cavity shown here is calculated with a
coarser grid. (Figure produced using the programs BOBSCRIPT and
RASTER3D.)
has an overall hydrophilic ring system. The substrate ori-
entation proposed above differs significantly from that
found in FCB. In FCB the carboxylate group of the reac-
tion product, pyruvate, has been shown to be hydrogen
bonded to an arginine, which is also present in GOX
leading to a prediction that this arginine has the same role
in GOX substrate binding [17]. In DHOD, we find that
the sidechain of the conserved Asn67, close to Lys43 and
hydrogen bonded to water H, is similarly positioned rela-
tive to the flavin group, although the mainchain in DHOD
differs considerably in relation to FCB and GOX in this
region. A tyrosine residue, also found in both FCB and
GOX, which makes a hydrogen bond to the pyruvate car-
boxylate group has no corresponding residue in DHODA
due to major differences in the protein fold at this position.
There are, however, some similar features between the
substrate-binding sites of DHODA and those of FCB and
GOX. The fully conserved residue Asn193 is found at the
same position as the histidine residue hydrogen bonded to
the pyruvate ketone carbonyl group in FCB. This carbonyl
group is also hydrogen bonded to a tyrosine sidechain in
FCB, which corresponds to Ala101 in the DHODA struc-
ture. The substitution of tyrosine with alanine could leave
extra space for the larger dihydroorotate substrate.
Insights into the catalytic function of DHODs
Kinetic studies with bovine liver mitochondrial DHOD
[19] have suggested possible mechanisms of catalysis. The
mechanisms involve proton abstraction from the substrate
methylene group leading to a hydride transfer from the
chiral carbon atom in the substrate to the N5 of the flavin
isoalloxazine ring (Fig. 1). As mentioned above, Lys43 in
the two L. lactis sequence families is replaced by a glycine
residue in the E. coli family. Given that this residue makes
hydrogen bonds to the flavin N5 and O4 isoalloxazine ring
atoms as well as water G in the DHODA enzyme, and
probably hydrogen bonds to the substrate carboxylate
group, differences in this residue must be of crucial impor-
tance for the detailed reaction mechanism in the different
sequence families. Assuming that the presence of a posi-
tively charged sidechain is essential for the proper orienta-
tion of the substrate carboxylate group, the arginine
residue that corresponds to Ser68 in DHODA may play the
same role as Lys43 in the mitochondrial enzyme family
(Fig. 2). Apart from the Plasmodium falciparum sequence,
which differs in many other regions of the sequence, this
residue is an arginine in all the known E. coli family
sequences, which is closer to the situation seen in FCB
and GOX.
If the enzyme mechanism proceeds by a proton abstraction
from the substrate methylene group and the substrate ori-
entation in the active site is as we predict, then we would
expect to find a residue capable of accepting a proton in
the immediate vicinity. The only obvious candidate for
this is Cys130. This residue is conserved among the
DHODA and DHODB families, but is replaced by a serine
in the E. coli family. There is clearly little similarity with
the reaction of FCB and GOX which utilize a histidine
residue as the base. There are no negatively charged
residues nearby that could lower the pKa value of Cys130,
but binding of the substrate could have the same effect,
making Cys130 assume its basic form in the pH range
7.5–9.0 (the optimum pH range of the enzyme). Interest-
ingly, a short sequence around Cys130 in DHODA (Glu-
Leu-Asn-Leu-Ser-Cys-Pro) is conserved in the dihydropy-
rimidine dehydrogenases [7]. This sequence was identified
as being part of the uracil-binding site in the dihydropy-
rimidine dehydrogenases, because the irreversible inactiva-
tion of the bovine enzyme with 5-iodouracil and NADPH
led to the formation of an (S)-hexahydro-2,4-dioxo-5-
pyrimidinyl derivative of the cysteine [20]. Furthermore, it
was suggested that the thiol group could function as a
general acid required to protonate uracil upon reduction 
by flavin [21].
The sequence conservation between the three enzyme
families shows that the DHODA and DHODB fami-
lies are most closely related. Nevertheless, because the
L. lactis DHODB enzyme requires the [2Fe–2S] iron-
sulphur cluster containing pyrK encoded protein to be
present for optimum activity the two enzyme families
clearly have some differences in their reaction mecha-
nism. The similarity in structures between the DHODA
enzyme and TMD is significant in relation to the complex
formed with the pyrK encoded protein. A search of protein
sequences with the program BLAST [22] revealed no sig-
nificant sequence similarity between the pyrK encoded
protein and TMD. However, a three-dimensional struc-
ture prediction based on the threading technique [23],
carried out with the program TOPITS [24], gave reason-
ably high similarity scores with, firstly, phthalate dioxyge-
nase reductase (PDR), and secondly the C-terminal half of
TMD. Threading of the pyrK protein sequence onto the
PDR and TMD structures leads to a 19 % sequence iden-
tity between aligned residues in both cases. The PDR
enzyme contains a [2Fe–2S] cluster, as found in the pyrK
encoded protein, in contrast to the TMD enzyme which
has a [4Fe–4S] cluster. Although these two enzymes differ
substantially as a whole, PDR contains an NAD-binding
domain which is rather similar to one of the TMD
domains. Given that the pyrK encoded protein contains a
[2Fe–2S] cluster and can bind NAD [6] it thus seems
likely that the DHODB–PyrK protein complex would
consist of a DHODA-like domain and a PDR-like domain,
with the domain interface at the top of the a/b barrel
amongst the loop regions. Furthermore, if the similarities
with TMD are significant then the TMD structure may
suggest the orientation between the a/b barrel and the
other iron-sulphur cluster containing domain. The high
sequence similarity between DHODs and dihydropyrimi-
dine dehydrogenases (which also have similarity to the
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pyrK encoded protein, as described earlier) also suggests
that two of the domains in dihydropyrimidine dehydroge-
nases could be a DHODA-like domain and possibly a
PDR-like domain, again resembling in part the DHODB–
PyrK protein complex.
The crystal structure of DHODA thus provides a good
basis for investigating the mechanism of this enzyme 
by mutant studies and for studying the differences in cat-
alytic function in the different DHOD families. The
structure may also be useful for modelling the DHODB–
PyrK protein complex and two of the domains in the much
larger dihydropyrimidine dehydrogenases.
Biological implications
Dihydroorotate dehydrogenase (DHOD) is a flavopro-
tein oxidoreductase, which catalyzes the oxidation of
(S)-dihydroorotate to orotate, the fourth step in the
de novo biosynthesis of pyrimidine nucleotides. Inhibi-
tion of the mitochondrial human enzyme leads to dra-
matic reductions in cellular levels of pyrimidines. This
inhibition is currently under investigation as a means of
treating diseases involving aberrant cell proliferation.
DHOD is closely related to the much larger dihydropy-
rimidine dehydrogenases, which can reduce all natural
pyrimidine bases and the synthetic analogues used in
chemotherapy. Lactococcus lactis contains two different
functional DHOD proteins, one of which shows optimal
activity only in the presence of a second, co-transcribed
iron-sulphur cluster containing protein, with which it
forms a complex tetramer. There are three families of
DHODs based on the two L. lactis families and the
family of membrane bound proteins represented by the
E. coli enzyme, which includes the enzymes of mito-
chondrial origin. Investigation of the similarities and dif-
ferences between the two L. lactis enzymes and the
mode of association in the complex should allow some
understanding of the reasons for the two different
DHOD proteins. The differences in these enzymes also
make them particularly interesting for studying flavo-
protein redox reactions involving iron-sulphur clusters,
and may suggest explanations for having a complex
rather than a single chain polypeptide, such as that
found in dihydropyrimidine dehydrogenases.
The crystal structure of DHODA is the first structure
reported for this class of enzymes. It explains the function
of many of the conserved residues, and has allowed
potential active-site residues to be identified. The flavin-
binding site shows many features which are common 
to other flavin mononucleotide containing proteins, but
also reveals two new features: a phosphate-binding site
without charged residues and a sidechain residue (Lys43)
which interacts with the central ring of the flavin group.
The substrate-binding site has been iden-tified as a 
water filled cavity completely buried underneath a highly 
conserved and apparently flexible loop. The cavity is sur-
rounded mostly by conserved residues, although two of
the residues in the active site (Lys43 and Cys130) which
are conserved in the two L. lactis DHOD families are
replaced by a glycine and a serine, respectively, in the
mitochondrial enzyme family. This observation suggests
significantly different mechanisms for these enzymes,
and Cys130 is proposed as the catalytic base in the
DHODA family. Thus this crystal structure provides a
good basis for investigating the reaction mechanism of
DHOD in detail and for understanding the differences
between the three DHOD sequence families.
Materials and methods
Crystallization
Bright yellow crystals of L. lactis DHODA were obtained using the
hanging drop vapour diffusion technique from solutions containing 30%
PEG (4000, 6000 or 8000), 0.2M sodium acetate and 0.1M Tris-HCl,
pH 8.5, as described previously [5]. The crystals are monoclinic in
space group P21 with unit cell dimensions a= 54.2Å, b= 109.2Å,
c = 67.2Å and b = 104.5°. There are two molecules in the asymmetric
unit, giving an estimated crystal solvent content of 56%. The two mol-
ecules are related by a non-crystallographic twofold axis parallel to 
the crystallographic a* axis. Heavy-atom derivatives were prepared 
by adding various amounts of a solution of 0.5M KAu(CN)2 in water
directly to drops containing crystals in their original mother liquor.
Data collection and processing
All data sets were collected in-house on an R-axis II imaging plate
system with a Rigaku RU200 rotating anode CuKa X-ray source
(l = 1.54 Å) operating at 50 kV and 180 mA, using a graphite mono-
chromator and a 0.5 mm collimator. The native data set was collected
from a single crystal kept at 15°C of approximate size 0.5 × 0.5 ×
0.5 mm3. A total of 72 diffraction images were collected, each covering
an oscillation range of 2.5° and an exposure time of 30 min, giving an
overall rotation range of 180°. These images were processed using the
programs DENZO and SCALEPACK [25]. Structure factors were
derived from the reflection intensities using the program TRUNCATE
[26]. The merged native data set has an Rmerge of 5.2% and is 99.3%
complete to 2.0 Å.
The gold derivative data sets were collected from four crystals of
varying sizes. Different heavy-atom concentrations and soaking times
were used to prepare the crystals, as shown in Table 1. The data sets
were processed using DENZO and the CCP4 program suite [26]. Data
collection statistics for the native and derivative data sets are given in
Table 1.
Structure determination
The structure was solved by the MIR method, using a single heavy-
atom compound to achieve observable differences in the structure-
factor amplitudes. The initial data set obtained from a heavy-atom soak
with KAu(CN)2 showed only a very low mean fractional isomorphous
difference between the native and derivative data sets. However, a sig-
nificant peak corresponding to a gold site could still be seen in the
2.8 Å difference Patterson, and a second, lower occupancy site could
also be tentatively identified. Attempts to obtain higher occupancy gold
binding resulted in three further data sets. All four data sets showed
the same two gold sites, A and B, which were consistent with the non-
crystallographic twofold axis. In the 2.5 Å difference Patterson, for the
best data set (Gold 4), the two self vector peaks for sites A and B in
the v = ½ Harker section had heights of 21s and 19s, respectively,
and even in the corresponding 2.5 Å anomalous Patterson they were
visible at heights of 10s and 11s, respectively. In the second data 
set (Gold 2) two further pairs of gold sites, also related by the same
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non-crystallographic twofold axis, were easily identified from a differ-
ence Fourier calculated using the first pair of sites for phasing. There
was no sign of these extra sites in difference Fouriers calculated for the
other data sets. It is unclear why these sites were not occupied in any
of the other crystals, although it seems likely that the different soaking
conditions or crystal thicknesses must have had some effect.
The derivative data sets were scaled to the native 2 Å data set using
the program SCALEIT [26]. The heavy-atom positions, occupancies
and temperature factors were refined for all the heavy-atom sites of all
the derivatives simultaneously using the program MLPHARE [26]. All
the data from 25 Å to the maximum resolution of each data set was
used, anomalous pairs being included for all the derivatives. The deriva-
tive phasing powers and cullis R values are shown in Table 1. The final
heavy-atom positions, occupancies and temperature factors for all the
gold sites are given in Table 2. After phasing, the final overall mean
figure of merit for all data from 25–2.5 Å was 0.56.
The MIR phases were improved with the program DM [26] using 20
cycles of solvent flattening (55% solvent content), histogram matching
and Sayre’s equation with phase extension from 2.5–2.0 Å. The result-
ing 2 Å electron-density map was easily interpretable, with a-helix direc-
tions, sidechains, carbonyl oxygens and even many water molecules
easily identifiable. The map was skeletonized with BONES [27] and the
protein model built using O [28]. The tyrosine residues were especially
unmistakable and were used to assign the exact residue sequence
numbers to the protein density. Figure 7a shows the experimental MIR
electron-density map for helix a2, where the Tyr-Tyr-X-X-Tyr motif is
clearly visible. Although in principle twofold averaging could have been
used to improve the phases further it was not needed, and the protein
could be traced from the first to the last residue with just two short
loops (residues 88–94 and 133–137) missing in the initial model. Only
one subunit was built into the density, with the non-crystallographic
twofold axis being used to determine coordinates for the second
subunit. Structure factors for the unrefined protein atoms were calcu-
lated and used to generate an Fo–Fc map, with peaks above 3s being
used to check for water molecules. A total of 72 well defined peaks
were accepted which were all in very favourable hydrogen-bonding loca-
tions and were present in both the Fo–Fc map (above a 3s level) and in
the experimental map (above 1s). Figure 7b shows the experimental
MIR electron-density map in the area around the flavin group, where
many well bound water molecules are clearly visible.
Refinement
Refinement was carried out using X-PLOR [29] at 2.0Å resolution with
all measured reflections being included without a s cut. Free R factor test
set reflections were selected with DATAMAN (G Kleywegt, unpublished
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Table 1
Data collection and phasing statistics.
Native Gold 1 Gold 2 Gold 3 Gold 4
Crystal size (mm3) 0.5 × 0.5 × 0.5 1.0 × 0.8 × 0.2 0.5 × 0.4 × 0.2 0.8 × 0.8 × 0.2 0.4 × 0.4 × 0.4
Protein concentration (mg ml–1)* 18 30 40 18 18
PEG component† PEG 6000 PEG 4000 PEG 4000 PEG 6000 PEG 8000
KAu(CN)2 soaking conditions 2.5 mM, 1 day 8 mM, 2 days 50 mM, 1 day 50 mM, 2 days
Total data collected (°) 180 180 120 180 160
Oscillation range per frame (°) 2.5 3 3 3 2
Exposure time per frame (min) 30 30 60 30 30
Resolution (Å) 2.0 2.8 2.8 2.8 2.5
Observations 179 624 67 880 44 519 68 497 80 280
Unique reflections 50 757 18 583 16 641 18 804 25 489
Completeness (%) (all data / I > 3s I) 99.3 / 80.3 99 / 92 89 / 56 99 / 89 96 / 85
Rmerge (%)†† 5.2 5.4 13.6 6.9 6.1
Riso (%)§ 7.8 18.4 13.2 19.3
Highest resolution shell (Å) 2.03–2.00 2.85–2.80 2.85–2.80 2.85–2.80 2.54–2.50
Completeness (%) (all data / I > 3s I) 90.8 / 45.4 90 / 75 81 / 25 88 / 66 88 / 61
Rmerge (%) 23.4 9.3 38.8 11.4 11.2
Heavy-atom sites 2 6 2 2
Phasing power (acentric/centric)‡ 0.75 / 0.48 1.48 / 0.95 2.80 / 1.90 2.62 / 1.86
Rcullis (acentric/centric)# 0.91 / 0.96 0.75 / 0.79 0.51 / 0.54 0.54 / 0.54
*The protein concentration in the mother liquor. †The PEG component
used in the mother liquor. ††Rmerge = Σ | Ij – < Ij > | / Σ < Ij >, where Ij is
the intensity of an observation of reflection j and < Ij > is the average
intensity for reflection j. §Riso = Σ || FPH | – | FP || / Σ | FP |, where FPH is the
structure-factor amplitude of the derivative crystal and FP is that of the
native crystal. ‡Phasing power = root mean square (| FH | / E), where FH
is the calculated structure-factor amplitude due to scattering by the
heavy atoms and E is the residual lack of closure error. #Rcullis = lack of
closure/isomorphous difference.
Table 2
Refined heavy-atom parameters.
Derivative Site* Fractional coordinates Occupancy B factor (Å2)
Gold 1 A 0.928, 0.999, 0.784 0.22 23.6
B 0.927, 0.586, 0.688 0.17 18.8
Gold 2 A 0.929, 0.999, 0.787 0.58 12.6
B 0.927, 0.587, 0.684 0.53 7.8
C 0.545, 0.931, 0.715 0.22 21.2
D 0.546, 0.657, 0.603 0.20 35.1
E 0.808, 0.938, 0.784 0.17 21.2
F 0.808, 0.647, 0.639 0.19 23.9
Gold 3 A 0.929, 0.000, 0.786 0.66 20.1
B 0.927, 0.587, 0.685 0.61 17.0
Gold 4 A 0.929, 0.000, 0.788 0.95 20.5
B 0.927, 0.588, 0.683 0.89 17.4
*Gold atoms in sites A and B are bound to Cys23 residues; sites E
and F correspond to binding to Cys130 residues. There are no
obvious candidate residues for sites C and D.
program) using the thin shells method [30] with 4% of the total reflec-
tions being included. At the start of refinement the R factor for reflections
from 8–2Å was 38.3% (free R=38.4%). The model was first refined
with very high non-crystallographic symmetry restraints using positional
refinement, simulated annealing and individual B factor refinement. After
this the R factor had dropped to 23.2% (free R=25.4%). Following the
inclusion of a bulk solvent correction and further positional and B factor
refinements, the R factor had reached 21.1% (free R=22.8%) for all
reflections from 25–2Å. At this point the protein model for subunit A was
adjusted and the two missing loops could now be inserted into the elec-
tron density. Again, the coordinates for subunit B were generated from
the non-crystallographic symmetry matrix. All of the MIR map assigned
waters were carefully checked to ensure there was still good electron
density present (which was the case for all 72 waters) and some new
waters were added. Two further cycles of refinement and rebuilding were
carried out, during which all non-crystallographic symmetry restraints
were removed. Finally, the hydrogen-bonding patterns of the glutamine,
asparagine and histidine sidechains were examined with the help of the
program WHATIF [31], and adjusted if necessary. The refinement was
finished off with a positional refinement and a last B factor refinement.
The R factor for all data up to 2Å is 16.8% (free R=21.2%); Table 3
gives a summary of the final refinement statistics. The final model con-
tains all 311 residues of the protein in each subunit together with their
corresponding flavin groups, and a total of 353 water molecules. Over
90% of the residues fall into the most favoured regions of the Ramachan-
dran plot as defined by PROCHECK [32], and there are no residues in
disallowed regions. The mean coordinate error based on the SIGMAA
method [33] is about 0.2Å.
Accession numbers
The atomic coordinates and structure-factor amplitudes of DHODA
have been deposited with the Brookhaven Protein Data Bank; acces-
sion numbers 1DOR and R1DORSF.
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